ABSTRACT Pullulan is an extracellular polysaccharide excreted by the fungus Aureobasidium pullulans. To evaluate the glycemic and breath hydrogen responses and gastrointestinal tolerance to pullulan, nondiabetic healthy adult subjects (n ϭ 28) were studied in a randomized, double-masked, crossover design. After an overnight fast, subjects consumed beverages containing 50 g of carbohydrate from either maltodextrin (control) or pullulan. Capillary blood glucose response was determined for 180 min postprandially. Breath hydrogen response was determined for 8 h postprandially. Compared with control, incremental peak blood glucose concentration was reduced (P Ͻ 0.01) when subjects consumed pullulan (4.24 Ϯ 0.35 vs. 1.97 Ϯ 0.10 mmol/L). In addition, pullulan reduced (P Ͻ 0.01) the positive incremental area under the glucose curve by 50%. When subjects consumed pullulan, the incremental blood glucose excursions were reduced (P Ͻ 0.01) at 15, 30, 45, 60 and 90 min, but were maintained above basal glucose concentrations at 150 and 180 min. At 180 min, the blood glucose concentration was higher (P Ͻ 0.05) when subjects consumed pullulan compared with control, supporting the hypothesis that pullulan is digested slowly. Breath hydrogen concentrations were increased (P Ͻ 0.01) at 3, 4, 5, 6, 7 and 8 h postprandially when subjects consumed pullulan. In the first 24-h postprandial period, the frequency and intensity of flatulence was higher (P Ͻ 0.05) after subjects consumed pullulan compared with control. In conclusion, pullulan attenuated the postprandial glycemic excursion compared with an equivalent maltodextrin challenge. Pullulan also increased breath hydrogen excretion and the incidence of gastrointestinal intolerance symptoms, indicating that a portion of pullulan was malabsorbed.
In light of the increasing incidence of type 2 diabetes mellitus (1) , there has been a growing interest in the search for therapeutic diets for these individuals. The primary treatment goal is to maintain near-normal blood glucose levels. Of the macronutrients, carbohydrate has the largest effect on postprandial glycemic excursion (2) . Both the amount and type of dietary carbohydrate are important determinants of postprandial glucose responses to mixed meals (3) (4) (5) . Differences in glycemic responses to dietary starch are directly related to the rate of starch digestion (6) . Englyst et al. (7) defined slowly digested starch as starch that is likely to be completely digested in the small intestine but at a slower rate.
As a component of our research program, we have been searching for carbohydrate ingredients that are slowly digested and are compatible with liquid enteral formula manufacturing (8, 9) . Among slowly digested starches, raw cornstarch is the gold standard (10 -12) . Unfortunately, raw cornstarch cannot be added to a liquid enteral formula because product retort (i.e., sterilization at high temperature) results in the cooking of the starch. As shown by Chen et al. (13) and Collings et al. (14) , cooking the starch (which allows complete gelatinization) renders the starch rapidly digestible.
Pullulan is a fermentation product of the yeast, Aureobasidium pullulans. It has a starch-like structure in that it is an ␣-glucan. It has a relatively simple structure of three ␣-1,4-linked glucose molecules that are repeatedly polymerized by ␣-1,6 linkages on the terminal glucose, resulting in a stair-step structure (15) . Pullulan has been classified as an indigestible carbohydrate (16 -18) . Using an in vitro starch digestion method, we discovered that pullulan hydrolysis occurred slowly over time in both the raw and cooked state. Thus, we sought to evaluate the effects of pullulan ingestion on postprandial blood glucose excursion in humans. The primary objective of this study was to compare the postprandial glycemic response of healthy nondiabetic adult subjects to pullulan and maltodextrin, which is a rapidly digested starch that normally elicits a high glycemic response. Secondary objectives of this study were as follows: 1) to determine whether malabsorption of carbohydrate from either maltodextrin or pullulan occurred (assessed by the breath hydrogen method); and 2) to evaluate the subjective gastrointestinal intolerance (i.e., nausea, abdominal cramping, distention and flatulence) of nondiabetic healthy adults to a 50-g pullulan challenge.
MATERIALS AND METHODS
In vitro hydrolysis. The percentage of hydrolyzed carbohydrate was determined as described by Wolf et al. (8) , who used a modification of the in vitro method (␣-amylase and amyloglucosidase enzyme system) of Muir and O'Dea (19, 20) . This in vitro assay was validated in humans (20) .
The extent of pullulan hydrolysis over time was compared with the extent of hydrolysis of maltodextrin. Both test materials were tested in a raw and cooked state (a simulation of product retort). For cooking, 0.1 g of test material was suspended in 1 mL of water and autoclaved for 30 min at 2.1 kg/cm 2 and 121°C. Immediately after autoclave treatment, samples were cooled in a cold-water bath for 10 min and then used in the in vitro procedure as described by Wolf et al. (8) .
Subjects. Nondiabetic, healthy subjects (n ϭ 36; 22 men, 14 women) aged 18 -75 y (mean Ϯ SEM, 45 Ϯ 2 y) were recruited. Three men and five women withdrew from the study: four requested withdrawal from the study and four were unable to adhere to study protocol. Thus, a total of 28 subjects completed the study. The body weight (mean Ϯ SEM) of the remaining 28 subjects was 73.4 Ϯ 2.2 kg (range ϭ 52.5-104.7 kg). The body mass index (BMI) 3 was 24.8 Ϯ 0.5 kg/m 2 (range ϭ 20.3-28.4 kg/m 2 ). Before the study, capillary blood glucose concentration was determined by finger-prick in fasting subjects. The fasting blood glucose concentration of the subjects was 4.4 Ϯ 0.07 mmol/L (range ϭ 3.7-5.0 mmol/L). The self-reported ethnicity of the subjects was as follows: 14 Caucasian, 11 African American, 1 Asian or Pacific Islander, 1 Latino and 1 who reported "mixed race." Potential subjects were excluded from the study during an initial screening process if they had medical conditions or were taking medications (e.g., antibiotics) that would interfere with glucose metabolism or would alter the colonic bacteria. The Schulman Associates Institutional Review Board (Cincinnati, OH) approved the experimental protocol. Informed consent was obtained from all subjects before the start of the study.
Dietary treatments. The two treatments evaluated in this experiment were the control, maltodextrin (Maltrin M100; Grain Processing, Muscatine, IA) and pullulan (Pullulan PF10; Hayashibara, Okayama, Japan). Maltodextrin is a rapidly digested starch (21) . Pullulan had an average molecular weight of 100,000 (Hayashibara). These test materials were incorporated into juice-like beverages (ϳ25 g carbohydrate/237 mL) and flavored to enhance palatability ( Table  1) . The beverage vehicle for the test materials did not contain any appreciable energy (Ͻ41.84 kJ). Ingredients were made into a solution with water, poured into 237-mL plastic cans (Huhtamaki Plastics, Coleman, MI), and terminally sterilized (Ross Products Division of Abbott Laboratories, Columbus, OH). Both solutions were low in viscosity, 4.2 and 16.1 mPa ⅐ s for control and pullulan, respectively. Subjects consumed 50 g of test material in ϳ16 fl oz. (474 mL) for the meal tolerance test.
Experimental design. The study was a randomized, doublemasked, two-period, two-treatment, crossover design in which subjects participated in two separate 3-h meal tolerance tests. The tolerance tests were spaced 5-13 d apart for each subject. Subjects were randomly assigned to one of two possible treatment sequences. After an overnight fast of 11-15 h, subjects consumed the treatment.
To ensure that subjects had similar glycogen stores on the two test days, they were instructed to consume a high carbohydrate diet (minimum 150 g of carbohydrate/d) for 3 d before each meal tolerance test and were also instructed to avoid exercise for 24 h before the experiment. Adequate carbohydrate intake was verified by 3-d diet records. On the evening before each meal tolerance test, all subjects consumed a low residue dinner consisting of one 237-mL can of Ensure Plus with additional Ensure Nutrition and Energy Bars (Ross Products Division, Abbott Laboratories, Columbus, OH) to provide one third of each subject's individual daily energy requirement as estimated by the Harris-Benedict equation (22) multiplied by an activity factor of 1.3. After their low residue evening meal, subjects were instructed to fast overnight, during which they were allowed to consume only water. Smoking was prohibited. All subjects were recruited and enrolled from one study site.
Blood glucose analysis. A finger-prick capillary blood sample was obtained from fasting (range 11-15 h) subjects and collected into a capillary tube containing EDTA after 30 min of rest. Subjects then consumed the appropriate test meal within 10 min. Finger-prick capillary blood was obtained at 15, 30, 45, 60, 90, 120, 150 and 180 min postprandially. Capillary blood glucose was measured by the glucose oxidase method using a YSI analyzer (YSI Model 2700 SELECT Biochemistry Analyzer, Yellow Springs Instruments, Yellow Springs, OH).
Calculation of blood glucose area under the curve (AUC) and relative glycemic response (RGR). The positive incremental AUC, ignoring any areas below the baseline, for the blood glucose values from 0 to 180 min after the meal tolerance test was calculated according to the method of Wolever et al. (23) . The RGR of pullulan was calculated for each individual subject according to the following formula: [(glucose AUC for pullulan)/(glucose AUC for control)] ϫ 100.
Breath hydrogen analysis. Subjects were evaluated for carbohydrate malabsorption by measuring their end-alveolar hydrogen and methane concentrations hourly for 8 h after they ingested their meal tolerance test. Samples of end-alveolar air were collected into 10-mL glass vacuum tubes using an EasySampler device (Quintron Instruments, Milwaukee, WI). After the initial 3-h meal tolerance test, subjects were allowed free access to water.
The concentrations of carbon dioxide, hydrogen and methane in breath samples were analyzed by gas chromatography (Microlyzer Gas Analyzer, model SC; Quintron Instruments). The observed hydrogen and methane values were corrected for atmospheric contamination of alveolar air by normalizing the concentrations of observed carbon dioxide to 5.26% (5.33 kPa, or 40 torr, the partial pressure of carbon dioxide in alveolar air) (24) . Samples with a carbon dioxide concentration Ͻ 1.3% were considered poor samples, and data were entered as missing. Changes in hydrogen concentrations were calculated by subtracting the lowest hydrogen concentration among the 0, 1 or 2 h samples from the subsequent values. Rather than consistently using the time 0 value, the nadir value was selected as the baseline because some subjects have residual hydrogen accumulation in the colon during sleep that may be excreted over the first few hours of the experiment; thus the time 0 value may not reflect a true basal breath 6 7.6 7.6 FD&C blue #1
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1 Product fill weight was 246 Ϯ 2 g. Total solid concentrations were 107 and 108 g/kg for control and pullulan beverages, respectively.
2 Ascorbic acid was added as a source of Vitamin C. 3 Potassium citrate was added as a source of potassium (electrolyte) as well as a buffer. 4 Sucralose powder was added to provide sweetness that improves the palatability of the product. 5 Sodium chloride was added as a source of sodium (electrolyte). 6 Sodium citrate was added as a source of sodium as well as a buffer.
hydrogen level (25, 26) . Subjects were classified as having carbohydrate malabsorption (i.e., positive breath hydrogen test) if their breath hydrogen concentrations increased by Ͼ10 parts per million (0.9 ϫ 10 6 g of hydrogen/L of air or 0.45 mol/L) from their basal nadir value (27) .
Intolerance symptoms. Using a questionnaire, subjects were asked to report the frequency and intensity of symptoms of nausea, abdominal cramping, distention, and flatulence for the two 24-h periods (total of 48 h) immediately after consumption of the test material. Intensity and frequency were set to a 100-mm line scale (0 representing "absent" and 100 "severe" and 0 representing "usual" and 100 "more than usual," respectively). Subjects placed a single perpendicular slash mark across the 100-mm horizontal line to indicate their scores for each of these variables of frequency and intensity for each 24-h period.
Statistical analysis. Using data from a previous study (28) , a power analysis conducted before this study indicated that 26 subjects would be required to detect a 15% difference in incremental (i.e., baseline-adjusted) peak blood glucose concentration with 80% power, using an expected SD of 1.053 mmol/L.
Data obtained during the two testing days for the blood glucose variables, breath hydrogen concentrations and symptoms of gastrointestinal tolerance were fit to a two-period crossover model. The residuals obtained from fitting the two-period crossover model were examined for evidence of a normal distribution with the ShapiroWilk test. The Shapiro-Wilk test for normality was rejected (P Ͻ 0.05) for most variables; therefore, a nonparametric model was used. The effects of sequence, period and treatment were examined by a two-sided Wilcoxon rank sum test (SAS version 8.2, SAS Institute, Cary, NC). The binary variable, positive breath hydrogen test, was analyzed using Generalized Estimating Equations (SAS).
RESULTS
The extent of in vitro maltodextrin hydrolysis was high and rapid, the extent of in vitro pullulan hydrolysis was also high, but it occurred slowly compared with maltodextrin ( Table 2) . Cooking maltodextrin or pullulan had minimal effects on the extent of their in vitro hydrolysis.
The postprandial incremental blood glucose response of nondiabetic healthy adults was improved when subjects consumed pullulan compared with maltodextrin ( Fig. 1) . Blood glucose concentrations of fasting subjects did not differ after each of the treatments (P Ͼ 0.10; 3.56 Ϯ 0.10 vs. 3.67 Ϯ 0.14 mmol/L; control vs. pullulan). When subjects consumed pullulan, the incremental blood glucose excursions were reduced (P Ͻ 0.001) at 15, 30, 45, 60 and 90 min, but were maintained above the basal blood glucose concentration at 150 and 180 min. At 180 min, the blood glucose concentration was higher (P Ͻ 0.05) when subjects consumed pullulan compared with control, supporting the hypothesis that pullulan is digested slowly.
Compared with control, the incremental peak blood glucose concentration was reduced (P Ͻ 0.001) 54% when subjects consumed pullulan ( Table 3) . Time to peak glucose concentration did not differ (P Ͼ 0.20) after each of the treatments. When subjects consumed pullulan, the positive incremental AUC was reduced (P Ͻ 0.001) by 50% compared with control. The mean RGR for pullulan was 54 Ϯ 5.
The incidence of a positive breath hydrogen test was higher (P Ͻ 0.001) when subjects consumed pullulan compared with control (11% vs. 89%). When subjects consumed pullulan, breath hydrogen concentrations were increased (P Ͻ 0.01) at 3, 4, 5, 6, 7 and 8 h postprandially (Fig. 2) . There were no differences in breath methane concentrations. The hourly (0 -8 h) breath methane concentrations were 10.4 Ϯ 4.2, 7.7 Ϯ 4.0, 10.4 Ϯ 4.3, 11.4 Ϯ 4.6, 12.0 Ϯ 4.4, 10.5 Ϯ 4.3, 8.7 Ϯ 3.6, 9.9 Ϯ 4.2, 11.0 Ϯ 4.6 and 9.1 Ϯ 4.0, 10.5 Ϯ 3.6, 8.0 Ϯ 2.9, 7.9 Ϯ 3.6, 9.8 Ϯ 3.5, 9.5 Ϯ 3.7, 9.7 Ϯ 3.7, 10.3 Ϯ 3.7, 8.5 Ϯ 3.3 ppm when subjects consumed control and pullulan, respectively. In the first 24-h postprandial period (0 -24 h), the frequency and intensity of flatulence was higher (P Ͻ 0.05) when subjects consumed pullulan compared with control (Ta- 1 Values are means of triplicate samples. 2 Hydrolyzed carbohydrate was determined using an ␣-amylase and amyloglucosidase enzyme system. 3 Time 0 values represent the percentage of free glucose in samples.
FIGURE 1
Incremental change from baseline in capillary blood glucose response for subjects consuming 50 g of carbohydrate from maltodextrin (control) or pullulan in a crossover design. Basal blood glucose concentrations in fasting subjects did not differ (3.56 Ϯ 0.10 Vs. 3.67 Ϯ 0.14 mmol/L; control vs. pullulan, P Ͼ 0.10). Values are mean Ϯ SEM, n ϭ 28. Means at a time differ, *P Ͻ 0.05, **P Ͻ 0.0001. Values are means Ϯ SEM, n ϭ 28. * Different from control, P Ͻ 0.0001. 2 Basal fasting blood glucose concentrations were not different (3.56 Ϯ 0.10 vs. 3.67 Ϯ 0.14 mmol/L; control vs. pullulan, P Ͼ 0.10).
ble 4).
During the second 24-h postprandial period (24 -48 h), the intensity of distention and flatulence was also higher (P Ͻ 0.05) when subjects consumed pullulan. Overall, the intensity and frequency of nausea, abdominal cramping and distention were low and of little physiologic importance. No adverse events were documented for subjects consuming either test beverage.
DISCUSSION
Using an in vitro starch hydrolysis assay, we discovered that pullulan was hydrolyzed slowly over time (see Table 2 ). Because differences in glycemic responses to dietary starch are directly related to the rate of starch digestion (6), we hypothesized that pullulan would attenuate the postprandial glycemic response. We sought to determine the postprandial glycemic response to pullulan compared with maltodextrin, a rapidly digested starch, in nondiabetic healthy adults. This study demonstrated that pullulan results in an attenuated postprandial glycemic response compared with maltodextrin. The incremental peak blood glucose concentration was 54% lower (P Ͻ 0.001) when subjects consumed pullulan compared with control. When subjects consumed pullulan, the incremental blood glucose excursions were reduced (P Ͻ 0.001) at 15, 30, 45, 60 and 90 min. Not only did pullulan reduce the rise in blood glucose, but it also minimized the fall in blood glucose, which occurred during the later stages of the meal tolerance test (see Fig. 1 ). This translated into a 50% reduction (P Ͻ 0.001) in the positive incremental AUC. The maintenance of blood glucose concentrations above the basal level during the last hour of the meal tolerance test supports the hypothesis that pullulan is digested slowly (i.e., a slow, prolonged absorption) (9) .
As noted previously, pullulan has been classified as an indigestible carbohydrate (16 -18) . Nakamura (16) found that Ͻ15% of pullulan was hydrolyzed by human salivary amylase and Ͻ10% was hydrolyzed by porcine pancreatic amylase during a 22-h in vitro incubation. Similarly, Okada et al. (17) documented that Ͻ10% of pullulan was hydrolyzed by rat intestinal acetone powder, in vitro. Oku et al. (18) gavaged a 10% pullulan solution into the stomach of rats and determined that ϳ3% of the glycosidic bonds of pullulan were hydrolyzed in the digestive tract within 60 min. Our in vitro and human glycemic response data contradict the results of these studies. If pullulan were an indigestible carbohydrate, it should not give rise to postprandial blood glucose. For example, bolus ingestion of the indigestible oligosaccharides polydextrose (29) or Fibersol 2 (30) does not elicit a postprandial rise in blood glucose concentrations.
Optimally, a slowly digested carbohydrate should be completely digested in the small intestine so that it would result in minimal gastrointestinal intolerance. The extent of in vitro hydrolysis of pullulan by ␣-amylase and amyloglucosidase at 5 h was high (ϳ95%; Table 2 ). However, the postprandial breath hydrogen response was exacerbated by the bolus consumption of 50 g of pullulan (see Fig. 2 ). The absolute breath hydrogen concentrations elicited by pullulan were similar to those reported by Lifschitz et al. (31) who fed 10 subjects 35 g of cooked barley, which contained 5.66 g of ␤-glucan. Because the amount of hydrogen in the breath represents only a portion (14%) of the amount produced in the colon (32), the amount of malabsorbed carbohydrate reaching the colon is difficult to quantify. To conduct a more detailed investigation of the digestion and absorption of pullulan, 13 C-labeled pullulan should be used.
The malabsorbed pullulan also increased (P Ͻ 0.05) the subjective ranking of flatulence (both intensity and frequency) in the first 24-h postprandial period (0 -24 h) after the meal tolerance test (Table 4 ). This effect tended to subside in the second 24-h postprandial period (24 -48 h). With a smaller dose, fewer gastrointestinal intolerance symptoms might be incurred while still providing the slow digestion necessary to improve postprandial glycemia. For example, a 5-g dose of raw cornstarch was shown to reduce the incidence of nighttime hypoglycemia in campers and counselors at a diabetes camp (10) .
In summary, in comparison with maltodextrin, pullulan reduces the glycemic excursion, maintains blood glucose concentrations above baseline over a prolonged period (at least to 180 min), increases carbohydrate malabsorption as measured by breath hydrogen and increases the incidence and frequency of flatulence in healthy nondiabetic humans. Pullulan helps maintain blood glucose levels by reducing the early phase excursion and by appropriately maintaining the later phase excursion. Further investigation of the possible beneficial effects of pullulan in individuals with diabetes mellitus is recommended. 1 Values are means Ϯ SEM, n ϭ 28. * Different from control at that time, P Ͻ 0.03. Intensity and frequency were set to a 100-mm line scale (0 representing "absent" and 100 "severe" and 0 representing "usual" and 100 "more than usual," respectively). A score Յ5 was not considered physiologically meaningful. 
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